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Abstract. Relic neutrinos from the early universe are predicted to have a relatively large
number density, but extremely low energies. Hence, the only possible interaction proceeds
via neutrino capture on beta-decaying nuclei. In case relic neutrinos are captured by beta-
decaying nuclei in the Sun, the neutrinos normally emerging from the decay of these nuclei
will be missing from the overall number of solar neutrinos registered in neutrino experiments.
Within the Sun, 8B and three nuclei from the CNO cycle are found to be suitable for this
kind of process. Their cross section as well as the possible impact on the observed number
of solar neutrinos are discussed. Assuming standard neutrino oscillations, no deviations of
neutrino flux measurements from the predictions of the solar standard model are observed
and upper limits are derived accordingly.
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1 Introduction
Similar to the well established Cosmic Microwave Background (CMB), a background of relic
neutrinos with a temperature of approximately 1.9K – the so-called CνB – is one of the
expected consequences of the Big Bang. Although the number density of these neutrinos is
expected to be on the order of 50 per cm3, their experimental detection is far from trivial
and has not been achieved yet. Challenges in the detection of the CνB mainly arise from the
small energies of the neutrinos, which are in the µeV range. These small energies directly
correspond to extremely small interaction cross sections (σNCBvν < 1× 10
−41 cm2). Further-
more, in many cases the energy of the neutrinos is not sufficient to reach the ground state of
a neighbouring nucleus in an inverse beta decay.
However, a possible detection mechanism, originally proposed by Weinberg [16], has re-
cently gained some momentum due to the PTOLEMY project [10]. In this detection channel,
neutrinos interact with beta-decaying nuclei, thereby eliminating the requirement of carrying
enough energy to reach the ground- or any excited state in the neighbouring nucleus. Instead,
this neutrino capture on beta-decaying nuclei can proceed unhindered. In addition this re-
action offers a unique experimental signature consisting of a delta peak located at electron
energies of E = Qβ + 2mν , where Qβ corresponds to the Q-value of the beta-decay and mν
represents the mass of the neutrino. Due the sub-eV mass of the neutrino, a direct detection
of this process remains a highly challenging endeavour.
Although the solar neutrino flux originates from various processes within the pp-chain,
solar neutrinos detected in experiments such as Super-Kamiokande [12], SNO [6] and Borex-
ino [9] solely originate from the β+-decay of 8B, an experimental limitation arising from
the energy threshold of the individual experiments. The fluxes registered at the aforemen-
tioned experiments are consistent with theoretical expectations, considering the Standard
Solar Model (SSM) and standard neutrino oscillations, within their respective uncertainties.
In this paper we show that this agreement and the experimental uncertainties can be utilized
to derive upper limits on the number density of relic neutrinos captured in the Sun.
The paper is organized as follows: Section 2 provides the necessary theoretical back-
ground and briefly reviews the experimental results on the solar neutrino flux. In Sec. 3, the
upper limits on CνB neutrinos in the Sun are derived and possible improvements possible via
measurements of neutrinos from the solar CNO cycle are discussed. Section 4 concludes the
paper with a discussion of the results.
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Nucleus Q-value in keV t1/2 log(ft) σNCBvν/c in cm
2
8B 14 939 0.77 s 3.3 1.32 × 10−41
13N 2220.4 9.965 min 3.66 1.85 × 10−43
15O 2753.9 122.24 s 3.64 2.84 × 10−43
17F 2760.7 64.29 s 3.36 5.56 × 10−43
Table 1. Q-values, half-lifes, log(ft) values and cross section for β+-decaying nuclei in the Sun.
2 Theoretical and Experimental Considerations
A possible detection mechanism for relic neutrinos, originally proposed by Weinberg, is the
neutrino capture on beta-decaying nuclei (NCB), which proceeds via the following equa-
tion [15]:
νe +
A
Z X −→
A
Z+1 Y + e
−. (2.1)
The actual reaction rates, however, depend on the properties of the nucleus, for example on
whether the decay is super-allowed, allowed or forbidden [11]. Cocco et al. have studied
the properties of approximately 1500 beta-decaying nuclei with respect to their use in NCB-
experiments [11]. Not unexpected, allowed and super-allowed beta-decays yield the highest
cross sections for NCB. For these nuclei the ratio of NCB- to the beta-decay-rate is given by
λν
λβ
=
(
lim
pν→0
σNCBvν
)
nν
t1/2
ln 2
, (2.2)
where nν represents the number density of neutrinos and t1/2 is the half-life of the beta-
decaying nucleus. λν and λβ represent the beta-decay and neutrino capture rate, respectively.
The neutrino interaction cross section times neutrino velocity is denoted as σNCBvν .
Solar neutrinos are produced in abundance in various beta-decays in the pp-chain, but
only neutrinos from the β+-decay of 8Bhave been experimentally detected in solar neutrino
experiments. 8Bdecays with a half-life of t1/2 = 0.77 s to
8Be. The Q-value with respect to the
ground state of 8Be is Q = 17979 keV. It should, however, be noted that the decay into the
ground-state of 8Be is second order forbidden (2+ → 0+). The decay proceeds predominantly
(≈ 100% [13]) via the first excited state located at an excitation energy of EX,1 = 3040 keV.
In this case, the considered decay is allowed (2+ → 2+) and the effective Q-value is altered
to Qeff = 14939 keV.
Although the CNO-cycle is expected to play a subdominant role and neutrinos from beta-
decaying nuclei within this cycle have not yet been detected, the properties of the involved
nuclei (13N, 15Oand 17F) with respect to NCB are worth discussing. All three nuclei decay
via allowed β+-decay into the ground states of their daughter-nuclei. Furthermore, Q- and
log(ft)-values are also comparable. Compared to 15Oand 17F, which have half-lifes of 122.24 s
and 64.29 s, 13N is found to have a significantly larger half-life of t1/2 = 9.965min. For all three
nuclei the β+-decay is an allowed transition (1/2− → 1/2− for 13N and 15O, 5/2+ → 5/2+
for 17F). The properties of 8B,13N, 15Oand 17F are summarized in Tab. 1.
In this paper we consider eight different results on the flux of solar neutrinos and their re-
spective statistical and systematic uncertainties. The results taken into account were obtained
with Super-Kamiokande I to IV [1, 2, 12, 14]), Borexino [3, 9] and SNO [4–7]. As expected, sta-
tistical and systematic uncertainties were found to decrease with increasing measurement time
and refined analyses. The most sensitive measurements with respect to obtaining limits on the
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relic neutrinos in the Sun are a combined analysis of all four phases of Super-Kamiokande [2]
and a recent result from Borexino [3], which report fluxes of 2.55+0.17
−0.19(stat.) ± 0.07(syst.) ×
106 cm−2 s−1 and 2.345 ± 0.014(stat.)± 0.036(syst.)× 106 cm−2 s−1, respectively.
As all four of the investigated nuclei undergo β+-decay, the νe in Eq. (2.1) needs to
be replaced with a ν¯e and an e
+ rather than a e− is observed in the final state. The limits
derived in the next section, therefore only account for the ν¯e-component of the CνB.
3 Upper Limits on the CνB neutrinos in the Sun
In order to estimate an upper limit on relic neutrinos in the Sun, Eq. 2.2 has to be solved for
nν , which yields:
nν =
λν
λβ
ln 2
t1/2 (limpν→0 σNCBvν)
. (3.1)
The density of relic neutrinos in the Sun is thus proportional the ratio of β-decay and NCB
rates. This ratio, however, is not known experimentally, but one can conclude that it is
smaller than the uncertainties reported in solar neutrino measurements, as the fluxes obtained
in these measurements were found to be consistent with the Solar Standard Model, within
those uncertainties, assuming standard neutrino oscillations. Furthermore, nν is found to be
proportional to the inverse of σNCBvνt1/2, and therefore expected to vary from nucleus to
nucleus. For the remainder of this section, upper limits obtained for 8B-neutrinos from the
pp-chain and limits possibly achievable via the detection of CNO-neutrinos will be discussed
separately. The utilized cross sections were obtained using the recipe provided in [11] and are
summarized in Table 1.
3.1 8B-neutrinos
The results reported in this section, were ontained using the uncertainties reported by the
respective experiments, which are summarized in Tab. 2 together with the obtained limits.
To obtain the results, statistical and systematic uncertainties were added in quadrature. For
cases where the upper and the lower bound on the uncertainty were found to be different, the
larger value was used.
Figure 1 shows the limits obtained using uncertainties reported by Super-Kamiokande [2],
SNO [5] and Borexino [3, 9]. The obtained limits are depicted by the orange data points,
whereas the blue dashed line represents the limits obtainable for 8B-neutrinos as a function
of the experimental uncertainty.
One finds that the best limit of nν ≤ 3.75×10
28 cm−3 was obtained for the uncertainties
reported in a combined measurement, using all four phases of the Super-Kamiokande experi-
ment. Using the uncertainties of a combined analysis of the SNO data yields an upper limit
of nν ≤ 8.94 × 10
28 cm−3. Limits of nν ≤ 18.1 × 10
28 cm−3 and nν ≤ 39.1 × 10
28 cm−3 were
obtained using the uncertainties reported for Borexino in 2010 and 2017, respectively.
Figure 2 shows the evolution of the uncertainties for different phases of the Super-
Kamiokande experiment. As expected the uncertainties and in turn also the limits on CνB-
neutrinos decrease with time. Considering the uncertainties of the phase IV results of Super-
Kamiokande, a limit of nν ≤ 4.41 × 10
28 cm−3 is obtained. This limit is only marginally
larger than the one obtained for the combined analysis. Somewhat larger limits are obtained,
when considering the results from phase I and III (nν ≤ 8.36 × 10
28 cm−3 for phase I and
nν ≤ 6.23 × 10
28 cm−3 for phase III). Using the results from phase II yields the largest limit
(nν ≤ 15.8× 10
28 cm−3) for Super-Kamiokande, as uncertainties of ±0.05(stat.)+0.16
−0.15(syst.)×
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Figure 1. Limits obtained considering the uncertainties reported by Super-Kamiokande [2], SNO [5]
and Borexino [3, 9].
106 cm−2 s−1 were reported. The differences in the uncertainties between Super-Kamiokande
I and II arise from the different lifetimes of the samples (791 days for SuperKamiokande II
and 1496 days for SuperKamiokande I) and differences in energy scale, event selection and
reconstruction methods [12].
Figure 3 shows the evolution of the uncertainties as well as their impact on the limit
of relic neutrinos in the Sun for different analyses carried out with the SNO. As for Super-
Kamiokande the uncertainties are found to decrease with time and the smallest statistical
and systematic uncertainties are obtained for a combined analysis (±0.16(stat.)+0.11
−0.13(syst. [5]).
Using this uncertainty, one obtaines a limit of nν ≤ 8.94×10
28 cm−3, which is approximately a
factor of two larger than the one obtained for the combined analysis of the Super-Kamiokande
data.
The differences in uncertainty between the measurements reported in 2004 and 2008 are
only marginal [4, 7] (see Table 2 for detailed values), thus, only the results obtained for the
2008 measurement are shown in the plot, in order to increase the visibility. Accordingly, the
obtained limits – nν ≤ 20.4× 10
28 cm−3 for 2004 and nν ≤ 20.1× 10
28 cm−3 for 2008 are also
similar. Using the uncertainties from [6] yields the worst limit (nν ≤ 41.5× 10
28 cm−3 ), due
to the large uncertainty of ±0.99× 1028 cm−2 s−1.
3.2 CNO-neutrinos
Figure 4 shows the obtainable limits for neutrinos from the CNO-cycle as a function of the
experimental uncertainty. Although neutrino emission is expected from three beta-decaying
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Figure 2. Limits obtained for the four phases of Super-Kamiokande and an analysis using data from
all four phases (labeled SuperK Combined).
Experiment Uncertainty in ×106 cm−2 s−1 Limit ×1028 cm−3
Borexino 2010 ±0.4(stat.)± 0.1(syst.) 39.1
Borexino 2017 +0.17
−0.19(stat.)± 0.07(syst.) 18.1
SuperK Combined ±0.014(stat.)± 0.1(syst.) 3.75
SuperK-I ±0.02(stat.)± 0.036(syst.) 8.36
SuperK-II ±0.05(stat.)+0.16
−0.15(syst.) 15.8
SuperK-III ±0.04(stat.)± 0.05(syst.) 6.23
SuperK-IV ±0.02(stat.)+0.0.039
−0.040 (syst.) 4.41
SNO 2001 ±0.99 41.5
SNO 2004 ±0.27(stat.)± 0.38(syst.) 20.4
SNO 2008 +0.33
−0.31(stat.)
+0.36
−0.34(syst.) 20.1
SNO Combined ±0.16(stat.)+0.11
−0.13(syst.) 8.94
Table 2. Uncertainties and the respective limits on CνB-neutrinos for different measurements of the
solar 8B-neutrino flux.
nuclei within the CNO-cycle (13N, 15O, 17F), only 13N and 15O are depicted. The achievable
limits for 15Oare shown in green, whereas the possible limits for 13Nare shown in orange.
The blue line represents the upper limits obtained for 8Band is shown for comparison. Val-
ues obtained for 17Fare not depicted to increase the visibility in the plot. Limits for 17F,
however, are very similar to the ones obtained for 15O. The half life of 15O is approximately a
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Figure 3. Limits on the density of CνB-neutrinos in the Sun, obtained for different experimental
uncertainties, reported by the SNO-collaboration.
factor of two larger compared to 17F, which compensated by the NCB cross section, which is
approximately a factor of two smaller. The Q-values of the two nuclei differ only marginally.
As 13N has the smallest NCB cross section of the four nuclei considered here, the small upper
limit solely arises from the comparably large half life of 9.965minutes, which is one order of
magnitude larger than the half life of 8B.
From Fig. 4 one finds that the achievable limits on CνB-neutrinos in the Sun are about
one order of magnitude smaller than the ones obtained from current solar neutrino mea-
surements. The current best limit, obtained using uncertainties from a combined analysis
of Super-Kamiokande data, for example, can be reached by measuring neutrinos from the
decay of 15Oor 17Fwith a total relative uncertainty of λν/λβ = 5.6%. With the detection
of neutrinos from 13Na similar limit can be obtained with a relative uncertainty as large as
λν/λβ = 18%.
4 Summary and Discussion
In the preceding sections it was shown that a limit on the density of relic neutrinos in the
Sun can be obtained, using the statistical and systematic uncertainties of solar neutrino
measurements, assuming standard neutrino oscillations and the Standard Solar Model. The
obtained results depend on the uncertainties reported by the individual experiments, and the
best upper limit of nν ≤ 3.75 × 10
28 cm−3 was derived using the uncertainties reported in
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Figure 4. Upper limits of the relic neutrino density in the Sun as a function of the measurement
uncertainty.
a combined analysis of data taken in all four phases of the Super-Kamiokande experiment.
Limits for all experimental results considered in this paper are summarized in Tab. 2.
While limits on the density of relic neutrinos in the Sun can be derived from the agree-
ment of the experimental results with the parameters allowed in the Solar Standard Model,
the opposite, however, does not hold true. Possible differences in the observed fluxes from
theoretical predictions are far more likely to be explained by differences in one or more pa-
rameters of the Solar Standard Model, e.g. its metallicity.
Nevertheless, the obtained best limit can be used to check whether the result is rea-
sonable. Using the best limit from this paper and taking the radius of the Sun as rSun =
6.9551 × 1010 cm we find that the maximum number of electron neutrinos from the CνB in
the Sun is Nν ≤ 5.285 × 10
61. Further, assuming an upper limit on the mass of the electron
neutrino of mν ≤ 1.1 eV [8] one finds that the contribution of CνB-neutrinos to the mass of
the Sun is smaller than 1.0362× 1026 kg, which corresponds to a relative contribution smaller
than 5.21× 10−5. Considering that the neutrino is the lightest standard model particle, and
that the Sun predominantly consists of Hydrogen and Helium, this is a reasonable result.
Taking the ratio of νe : νµ : ντ in the CνB to 1 : 1 : 1, the limits from Sec. 3 need to be
scaled by a factor of 3 or 6, in order to obtain the total density of CνB-neutrinos, depending
on, whether the neutrino is a Dirac- or Majorana particle. It was further shown that the
achievable limits can be significantly improved by considering beta-decaying nuclei from the
CNO-cycle. Compared to 8B the obtainable limits are smaller by approximately a factor of 5
for 15Oand17F. For 13Nthe limit would improve by one order of magnitude.
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